The article presents the test results of a four-stroke, four-cylinder, naturally aspirated, DI 60 kW diesel engine operating on diesel fuel (DF) and its 5 vol% (E5), 10 vol% (E10), and 15 vol% (E15) blends with anhydrous (99.8%) ethanol (E). An additional ethanol-diesel-biodiesel blend E15B was prepared by adding the 15 vol% of ethanol and 5 vol% of biodiesel (B) to diesel fuel (80 vol%). The purpose of the research was to examine the influence of the ethanol and RME addition to diesel fuel on the start of injection and autoignition delay. The widely differing physical and chemical properties of the biofuel blends along with engine load and speed modes were taken into account to provide sound analysis of the experimental test results.
Introduction
The internal combustion engine (ICE) is one of the main users of fossilorigin liquid fuels. The production of petroleum fuel required for internal combustion engines reaches about 3.5 billion tons and this capacity is under steady rise. Meanwhile, the global petroleum reserves constitute approximately 140 billion tons as determined by calculations made by the scientists. Thus, at the assumption that petroleum needs will remain at the same level and the oil extraction capacities will not increase in the future, the petroleum resources would be sufficient merely for several decades (Labeckas et al., 2008; Garipov et al., 2008) . Also, no alternative, which the internal combustion engines could replace by other type of mechanical energy generators, is estimated for the nearest future. The declining resources of fossil origin petroleum fuel and natural gas along with negative effects of the exhaust emissions of internal combustion engines on the ecological situation are the global problem of contemporary global energetics.
The total power output of ICE compiles around 80% of the power of all machines used in global energetics. The internal combustion engine, as a main generator of mechanical energy, has no suitable alternative in the field of road, water, and railway transport as well as in agriculture, horticulture, construction engineering sectors, and other fields were engines are used. Currently, there are more than 700 million vehicles operating on petroleum products on a global market. As many as 60 million automobile engines are entirely manufactured per year. The manufacture of stationary ICE also exceeds 10 million per year (Labeckas, 2008) .
The EU Directive 2009/28/EC approved a target of a 20% share of renewable biofuels in overall transport petrol and diesel consumption by 2020 to be introduced in a cost-effective way. The principal reasons for using of biofuels are to lower greenhouse gas emissions, increase farm income, promote rural development and diversification, create a new dynamics in a global agricultural market, increase energy independence and reduce consumer reliance on imported fossil fuels (Labeckas et al., 2014) .
Purpose of the research
To analyse the effect of bioethanol and RME addition to diesel fuel on physical and chemical properties of biofuel blends and, as a results, on the start of injection and autoignition delay when running at various loads and wide range of speed, including 1400 rpm at which maximum torque occurs and rated 2200 rpm speed.
Methods of Experimental Research
The stand tests were performed with the direct injection (DI) diesel engine D-243 mounted at the Engine Test Laboratory of the Institute of Power and Transport Machinery Engineering of the Engineering Faculty of Aleksandras Stulginskis University (ASU). The engine parameters related to the fuel energy conversion efficiency and exhaust emission parameters were measured according to the ISO 3046-1:2002, ISO 3046-2:1987 and ISO 3046-3:2006 standards.
The schematic layout of the engine test stand and measurement equipment are presented in Fig. 1 . The tested engine was properly attached and the drive shaft was connected to the loading stand. The air was supplied to the engine via the AVL air flow meter. The fuel from the tank was delivered to the fuel injection pump via the AVL fuel-mass flow meter. The exhaust gasses were removed via the central collector to the atmosphere. The temperature of the exhausts was measured with a thermocouple
The density and kinematic viscosity of biofuel blends E5, E10, E15, and E15B along with diesel fuel used for experiments were tested at the Environmental Technology Chemical and Biochemical Research Laboratory, Institute of Environment of Aleksandras Stulginskis University. Density and kinematic viscosity of the tested fuels was measured by using a device Anton Paar SVM 3000 manufactured in Austria. This devise provided the measurement accuracy of parameters about 0.0002 g/cm 3 and ±0.1%, respectively. In experimental studies, the cetane number of biofuel blends was investigated at the laboratory of Quality Research Center of light petroleum products at the refinery "ORLEN Lietuva", Lithuania. The cetane number for the normal diesel fuel, which was used as a "baseline" parameter, and for biofuel blends E5-E15B was determined by using device "CFR WAUKESHA with the measuring accuracy of ±0.1%.
Preparation of Fuel Blends
The following three types of fuel were used to prepare biofuel blends: The influence of bioethanol and RME addition to diesel fuel on physical and chemical properties of biofuel blends Elemental Composition. When ethanol is poured into diesel fuel, the elemental composition of the biofuel blend is changed. The C:H:O ratio of the fuel blend was calculated according to the addition principle:
where:
e  -ethanol (mass) part in the blend; rme  -RME (mass) part in the blend;
C + H + O -the elemental composition of the respective substances. 
The test results and analysis
The analysis of scientific studies, conducted on diesel engine running on biofuel blends, shows that the fuel efficiency and exhaust emissions largely depend on the density of biofuel blends, viscosity, calorific value and other parameters (Shahir et al., 2014) . The fuel density is one of the most important fuel properties, which affects the development of the fuel spray in the engine cylinder and fuel atomisation characteristics. Since the cyclic fuel delivery is measured by volume, the lower is density of the fuel, the less fuel mass is injected into the engine cylinder per cycle that actually affects the air and fuel ratio of combustible mixture prepared. The lower density and higher compressibility of the bioethanol may delay the actual start of injection with regard to TDC. To the later start of injection may contribute also the higher internal leakages in the plunger-barrel and needle-valve-body units due to lover density of ethanol. The density of ethanol fuel (0.791 g/cm 3 ) is 4.7% lower than that of diesel fuel 0.828 g/cm 3 (both at the temperature of 20 °C), therefore the density of ethanoldiesel fuel blends (Fig. 2) The kinematic viscosity of ethanol is 1.10 mm 2 /s (Weber de Menezes et al., 2006), which is significantly lower than the viscosity of conventional diesel fuel (2.21 mm 2 /s). In our case, the viscosity of RME was 4.79 mm 2 /s, -so the higher viscosity of biodiesel slightly increased the viscosity of three-component fuel blend E15B compared with that of ethanol-diesel fuel blends. The kinematic viscosity of biofuel blends used in experiments is shown in Fig. 3 . Kinematic viscosity of blends E5, E10, E15 and E15B was 7.8%, 11.0%, 13.0% and 10.8% lower, respectively, than that of diesel fuel at the temperature of 40 °C. Although the viscosity of ethanol and diesel fuel blends was lower than commercial diesel fuel, 
Fig. 3. Kinematic viscosity of diesel fuel (D) and its blends with ethanol (E5, E10, E15) and ethanol-RME fuels (E15B) at the temperature of 40 ºC
Using of biofuels (ethanol) with too low viscosity may provoke a greater wear of the surface of precision plunger-barrel and the needle-valve-bodies (Pukalskas, 2002). The wear of sensitive the fuel pump and injectors' units can be reduced by the addition of proper amount of RME to ethanol-diesel fuel blends.
One of the most important parameters of a diesel fuel is the cetane number (CN). The cetane rating is a very important factor of biofuel blends, especially in case of using diesel fuel mixtures with 34.8vol% of oxygen-containing ethanol. As the analysis of literature shows (Matijošius 2011), the additive principle used for calculation of the cetane number of the fuel blend may not always lead to having the correct CN result.
The cetane number of the tested biofuel blends was determined experimentally in accordance with standard BS EN ISO 5165: 1999 and calculated by using additives method.
Analysis of experimental data of the cetane number shows (Fig. 4) that biofuel blends E5, E10, E15 and E15B differed as having CN ratings 3%, 9%, 14% and 12% lower, respectively, compared with that of diesel fuel (51.5). 
The effect of biofuels on the start of injection with regard to TDC
The start of fuel injection has a very important influence on the autignition delay, combustion, heat release, engine performance efficiency, power output, economic parameters, exhaust emissions and opacity of the exhaust (Rakopoulos et al., 2007). As graphs in Fig. 5a show, the start of injection of diesel fuel (D) and biofuel blends E5-E15B approaches to TDC with the increased engine load (p e ). In addition, the start of injection for biofuel blends E10-E15 containing more anhydrous (99.8 vol%) ethanol more intensively approaches to TDC. These changes can be to some extent attributed to the internal leakages of biofuel because presence of ethanol in the fuel blend reduces density and viscosity and thus increases penetration of a lighter biofuel through technological clearances. The engine cycle occurs faster that reduces the amount of biofuel lost due to presence of internal leakages within the plunger-barrel units of in-line fuel pump resulting in earlier start of the fuel injection at a higher rotation speed 1800 rpm of the crankshaft (in Fig. 5.b.) .
After engine speed increased to the rated 2200 rpm value, the biofuel blends were injected into the cylinder actually at the same advance angle before TDC regardless of changes in engine load. The exception belonged to the maximum amount of anhydrous ethanol containing blend E15 (Fig. 5 c.) , which differed as having the lowest both density (Fig. 2) and kinematic viscosity (Fig. 3.) . It is important to stress the fact that the addition of a small (5 vol%) of more viscous RME substantially reduced the internal leakage within the injection pump and ensured about constant start of biofuel injection with regard to TDC. The biofuels effect on the start of combustion with regard to TDC For the case of compression ignition engine, as the start of autoignition normally is accepted the moment when the heat release rate during the chemical oxidation reactions exceeds the heat transferred to the environment. By using this methodology, the start of combustion for internal combustion engine determine many scientists (Rakopoulos et al., 2008, Torres-Jimenez et al., 2011).
As graphs in Fig. 6 show, the start of combustion moves (anticlockwise) away from TDC with the increased engine load from p e = 0.38 to 0.67 MPa for all diesel fuel and biofuel blends E5-E15B tested, i.e. the fuel ignites before TDC. Fig. 6 . The start of combustion of the engine running on diesel fuel (D) and its blends with ethanol (E5, E10, E15) and ethanol-RME fuel (E15B) at different loads and speeds of: a) 1400 rpm b) 1800 rpm c) 2200 rpm This is especially true for the case when the engine operates at the maximum torque mode of 1400 rpm -1 and a higher rotation 1800 rpm -1 speed. The biofuels autoignite faster for higher engine loads due to a higher temperature of compressed air in the cylinder. At rated 2200 rpm speed, the variation in engine load does not have significant influence on the moment of ignition with regard to TDC because the temperature of gasses in the cylinder is high enough (T = 1100 K and beyond) to accelerate the autoignition processes. However, in the case of using a larger quantity of anhydrous ethanol in the blends (E10-E15B) the influence of engine load on the start of autoignition with regard to TDC is more visible because of a large (827 kJ/kg) latent heat of vaporisation of the ethanol. Graphs in Fig. 6 show that the start of combustion approaches to TDC for all engine loads and 1400-2200 rpm speeds with the increased percentage of anhydrous ethanol in biofuel blends. At rated engine speed of 2200 rpm and moderate load of p e = 0.34 MPa, the start of combustion occurred even 0,5 to 1,5 0 after TDC when running on biofuel blends E15 and E15B. The noted changes show that using of a higher amount of anhydrous ethanol in the biofuel blend delays the start of combustion -similar results presented other researchers (Park et al., 2012) . Fig. 7 shows how does the variation of autoignition delay time (τ i ) depends on the use of biofuel blends E5-E15B for various engine loads and speeds. The analysis the graphs shows that for biofuel blends E15 and E15B the autoignition delay increased by 4.4% and 9.5% compared to normal diesel running 1400 rpm and maximum (p e = 0.67 MPa) load. When the engine load was p e = 0.56 MPa (about 75%), the effect of using anhydrous ethanol was greater, and the difference compiled about 15.1% and 16.3%, respectively. When running at moderate engine load of p e = 0.38 MPa, the autoignition delay increased by 10.7% and 13.2% compared with diesel fuel case.
The effect of biofuels on the autoignition delay
After the engine speed was increased to 1800 rpm (Fig. 7b) , the changes in the autoignition delay period τ i with the percentage of anhydrous ethanol used and thus the cetane number of biofuel remained almost the same as those measured when running an engine at maximum torque 1400 rpm mode. At engine load of p e = 0.67 MPa, the use of ethanol-diesel fuel blends E5, E10, E15 and E15B the autoignition delay increased by 5.4%, 14.3%, 20.0% and 27.2%, respectively, compared with the normal diesel fuel case. The autoignition delay period increased by 9.5%, 11.2%, 15.9% and 20.4%, respectively, when running at engine load reduced to p e = 0.56 MPa. When the engine load was further reduced to p e = 0.38 MPa, the period τ i increased by 8.3% 12.1% 17.8% and 20.2% for the use of respective biofuel blends.
The influence of engine load on the autoigtinion delay was not significant when running the engine on normal diesel fuel (D) and diesel fuel blends with a lower percentage of anhydrous ethanol (E5) at rated 2200 rpm speed (Fig. 7 c.) .
Fig. 7
The autoignition delay period of the engine running on diesel fuel (D) and its blends with ethanol (E5, E10, E15) and ethanol-RME (E15B) at different loads and speeds of : a) 1400 rpm b) 1800 rpm c) 2200 rpm
The influence of engine load on the autoignition delay period was more substantial only when using the biofuel blends E10-E15B with a higher oxygen concentration (3.8vol% to 6.1vol%). The influence of the added bioethanol to diesel fuel on the autoignition delay became much more significant when running at a lower load of p e = 0.34 MPa and speed of 2200 rpm. When running the engine at p e = 0.34 MPa, i.e. (50%) load of nominal value, on biofuel blends E5, E10, E15 and E15B, the autoignition delay τ i was 7.1%, 15.6%, 28.9%, and 26, 0% longer, respectively, compared to the normal diesel fuel case. After engine load was increased to maximum of p e = 0.60 MPa, the autoignition delay period τ i increased by 5.9%, 6.9%, 9.5% and 10.8%, respectively. It should be noted that a smart increase in period τ i was mainly slowed down due to a higher temperature of the air charge compressed inside the cylinder that contributed to shortening of the autoignition delay for all biofuel blends in this particular case (Heywood, 1988) .
The The content of fuel bound oxygen was equal to 2.1%, 3.8%, 5.6% and 6.1% (vol%) for anhydrous ethanol, diesel fuel and RME blends E5, E10, E15, E15B, respectively, and the content of oxygen included into commercial diesel fuel (0.4%) met the standard LST EN 590: 2009 + A1. The carbon-to-hydrogen ratio (C/H) decreased by 2.2%, 4.3%, 6.5% and 6.9% (by mass) for respective biofuel blends and the content of hydrogen in biofuel blends remained almost unchangeable and compiled about 12.6%.
2. The density of ethanol-diesel fuel blends E5, E10 and E15 decreased by 0.33%, 0.65% and 0.95% at the temperature of 20 °C, and the kinematic viscosity decreased by 7.8%, 11.0% and 13.0%, respectively, at the temperature of 40 °C due to the addition of 5%, 10%, 15% (by volume) of anhydrous (99.8%) ethanol to diesel fuel. The addition to ethanol-diesel fuel blend E15 of the 5vol% of RME for the account of diesel fuel the biofuel density and kinematic viscosity reduced by 0.56% and 10.8%, respectively, compared with diesel fuel.
3. Adding of 5vol% (E5), 10vol% (E10), 15vol% (E15) of anhydrous ethanol to diesel fuel (CN = 51.5), and preparation of a three-component blend E15B the cetane number, which was established by using experimental motor method, reduced to 49.9, 46.7, 44.4 and 45.1. This means that the cetane rating of respective biofuel blends was 4.2%, 8.4%, 12.7% and 12.5%, lower than that of the normal diesel fuel.
4. Using of ethanol-diesel E5, E10, E15, and ethanol-diesel-biodiesel E15B blends the autoignition delay time τ i increased by 0,058, 0,128, 0,233, and 0,211 ms, i.e. by 7.1%, 15.6%, 28.9%, and 26.0%, respectively, compared to normal diesel running at moderate p e = 0.34 MPa (about 50%) load and rated speed of 2200 rpm. With the engine running at intermediate 1800 rpm mode and maximum torque corresponding speed of 1400 rpm, the autoignition delay changing tendencies with the increased percentage of ethanol in biofuel blend and engine load remained similar.
